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BACKGROmD OF THE INVENTION 

5 

Field of thft Tt]Y?nti^"" 

This invention is directed to soUd electrolytes containing a polymer matrix 
and an electrolyte solvent (plasticizer) for the polymer matrix. This invention is 
10 further directed to a photoelectrochemical ceU employing the polymer matrix. 

State of the An 

Photoelectrochemical ceUs are photovoltaic devices based on the junction 
of a semiconductor photoelectrode and an electrolyte containing a redox couple, 

15 such as T/Ii/I^ or SW /S.^.^- These systems have heretofore generally employed 
n-type semiconductors and transparent electrodes. lUumination produces 
photogenerated holes that oxidize the complex anions in the electrolyte solution, 
whUe electrons travel from the semiconductor through an external load to reduce 
the species at the transparent illuminated surface. Rediffusion in the electrolyte 

20 of the species completes the electrochemical cycle. 

Polymeric electrolytes such as polyethylene oxide (PEG) have been used 
in photoelectrochemical cells to eUminate corrosion and side reactions of the 
semiconductor/electrolyte interface which are commonly observed with 
25 conventional electrolyte solvents. 



However, cells with PEG electrolytes have relatively low conductivity and 
hence low efficiency. See Gray, "Solid Polymer Electrolytes; Fundamentals and 
Technological Applications," VCH Publishers, 1991, pp 28-29. 
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There is thus a need in the art for an dectrolyte for a photoelectrochemical 
ceU having increased conductivity but retaining the resistance to corrosion and side 
reactions of PEO. 

5 SUMMARY OF THE INVENTION 

The present invention is directed, in part, to the discovery that the use of 
certain solid electrolytes in the manufacture of photoelectrochemical cells can 
enhance conductivity compared to known ceUs, particularly with respect to those 
ceUs using polyethylene oxide (PEO) electrolytes. In addition, the use of the solid 
10 electrolytes of the invention provides increased transparency which aids in 
photocell efficiency. 

Accordingly, in a composition aspect, the present invention is directed to 
a photoelectrochemical cell which comprises: a current collector, a semiconductor 
15 secured on one side to the current collector, a single phase, solid solvent- 
containing electrolyte secured to the other side of the semiconductor, and a 
transparent electrode secured to the solid electrolyte on a side opposite from the 
semiconductor, wherein the solid electrolyte comprises a redox couple, a solid 
polymeric matrix, an inorganic ion salt, and an electrolytic solvent. 

20 

In one of its method aspects, the present invention is directed to a method 
for enhancing the conductivity of a photoelectrochemical cell which comprises 
incorporating in the cell the solid, single- phase, solvent-containing electrolyte 
described above. 

25 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
As noted above, this invention is directed to photoelectrochemical cells 
containing solid, solvent-containing electrolytes. 

30 The solid electrolytes of the invention contain either an inorganic or an 

organic matrix and a suitable inorganic ion salt as a separate component. The 
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inorganic matrix may be non-polymeric (e.g, /5-alumina, silver oxide, lithium 
iodide, etc.) or polymeric (e.g., inorganic (polyphosphazene) polymers) whereas 
the oiganic matrix is typically polymeric. Suitable organic polymeric matrices are 
well known in the art and are typically organic polymers obtained by 
5 polymerization of a suitable organic monomer as described, for example, in U.S. 
Patent No. 4,908,283. Suitable organic monomers include, by way of example, 
ethylene oxide, propylene oxide, ethyleneimine, epichlorohydrin, ethylene succi- 
nate, and an acryloyl-derivatized polyalkylene oxide containing an aciyloyl group 
of the formula CH2=CR'C(0)0- where R' is hydrogen or lower alkyl of from 1-6 
10 carbon atoms. 

Because of their ©tpense and difficulty in forming into a variety of shapes, 
inorganic non-polymeric matrices are generally not preferred, rather, a solid 
electrolyte containing a polymeric matrix is typically employed. In order to 
15 maximize the conductivity of solid electrolytes having a polymeric matrix, the 
latter is generally constructed into a very thin film, i.e., on the order of about 25 
to about 250 urn. As is apparent, the reduced thickness of the film reduces the 
total amount of internal resistance within the electrolyte ther^y minimizing losses 
in conductivity due to internal resistance. 

20 

The solid electrolytes also contam a solvent (plasticizer) which is added to 
the matrix primarily in order to enhance the solubility of the inorganic ion salt in 
the solid electrolyte and therd>y increase the conductivity of the 
photodectrochemical cell. In this regard, the solvent requirements of the solvait 
25 used in flie solid electrolyte have been art recognized to be different from the 
solvent requirements in liquid electrolytes. For example, solid electrolytes require 
a lower solvent volatility as compared to the solvent volatilities permitted in liquid 
electrolytes. 



30 



Suitable solvents well known in the art for use in such solid electrolytes 
include, by way of example, propylene carbonate, ethylene carbonate, y- 
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butyiolactone, tetrahydrofuran, glyme (dimethoxyethane), diglyme, triglyme, 
tetraglyme, dimethylsulfoxide, dioxolane, sulfolane and the like. 

The solid, solvent-containing electrolyte is typically formed by one of two 
5 methods. In one method, the solid matrix is first formed and thai a requisite 
amount of this mat^ial is dissolved in a volatile solvent. Requisite amounts of the 
inorganic ion salt and the electrolyte solvent (usually a glyme and the organic 
carbonate) are then added to the solution. This solution is then placed on the 
surface of a suitable substrate (e.g., the surface of a semiconductor) and the 
10 volatile solvoit is removed to provide for the solid electrolyte. 

In the other method, a monomer or partial polymer of the polymeric matrix 
to be formed is combined with appropriate amounts of the inorganic ion salt and 
the solvoit. This mixture is then placed on the surface of a suitable substrate 
15 (e.g. , the surfece of the semiconductor) and the monomer is polymerized or cured 
(or the partial polymer is then further polymerized or cured) by conventional 
techniques (heat, ultraviolet radiation, electron beams, etc.) so as to form the 
solid, solvent-containing electrolyte. 

20 Prior to describing this invention in further detail, the following terms will 

first be defined. 

Definitions 

As used herein, the following trams have the following meanings. 

25 

The term "solid polymeric matrix" refers to an electrolyte compatible 
material formed by polymerizing an inorganic or organic monomer (or partial 
polymer thereof) and which, when used in combination with the other components 
of the electrolyte, renders the electrolyte solid. The solid matrix may or may not 
30 be ion-conducting. 
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Suitable soUd polymeric matrices are well known in the art and include 
soKd matrices formed from inorganic polymers, organic polymers or a mixture of 
organic polymers with inorganic non- polymeric materials. Preferably, the solid 
polymeric matrix is an organic matrix derived from a solid matrix forming 
5 monomer and/or from partial polymers of a solid matrix forming monomer. 

Alternatively, the soUd polymeric matrix can be used in combination with 
a non-polymeric inorganic matrix. See, for example, U.S. Patent No. 4,990,413, 
which is incorporated herein by reference in its entirety. Suitable non-polymeric 
10 inorganic materials for use in conjunction with the solid polymeric matrix include, 
by way of example, ^-alumina, sUver oxide, Uthium iodide, and the like. Suitable 
inorganic monomers are also disclosed in U.S. Patent Nos. 4,247,499; 4,388,385; 
4,414,607; 4,394,280; 4,432,891; 4,539,276; and 4,557,985 each of which is 
incorporated herein by reference. 



15 



20 



25 



The term "a solid matrix forming monomer" refers to inorganic or organic 
materials which in monomeric form can be polymerized, preferably in the presence 
of an inorganic ion salt, and an electrolytic solvent to form solid matrices which 
are suitable for use as soUd electrolytes in photoelectrochemical cells. Suitable 
solid matrix forming monomers are well known in the art and the particular 
monomer employed is not critical. Preferably, the soUd matiix forming monomers 
have at least one heteroatom capable of forming donor acceptor bonds with 
inorganic cations (e.g., alkaU ions). When polymerized, such compounds form an 
ionically conductive matrix. 



Examples of suitable organic solid matiix forming monomers include, by 
way of example, propylene oxide, ethyleneimine, ethylene oxide, epichlorohydrin, 
acryloyl-derivatized polyalkylene oxides (as disclosed in U.S. Patent No. 
4,908,283), vinyl sulfonate polyalkylene oxides (as disclosed in U.S. Patent 
30 5,262,253, which patent is incorporated herein by reference in its entirety), and 
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the like as weU as mixtures thereof. Ethylene oxide is especially preferred in 
combination with aciylate end groups. 

Examples of suitable inorganic solid matrix forming monomers include, by 
5 way of example, phosphazenes and siloxanes. Phosphazene monomers and the 
resulting polyphosphazene solid matrix are disclosed by Abraham et al., Proc. Int. 
Power Sources Symp., 34th, pp. 81-83 (1990) and by Abraham et al., J. 
Electrochemical Society, Vol. 138, No. 4, pp. 921-927 (1991). 

10 The term "a partial polymer of a solid matrix forming monomer" refers to 

solid matrix forming monomers which have been partially polymerized to form 
reactive oligomers. Partial 

polymerization may be conducted for the purpose of enhancing the viscosity of the 
monomer, decreasing tfie volatility of the monomer, and the like. Partial 
15 polymerization is generally permitted so long as the resulting partial polymer can 
be further polymerized to form solid polymeric matrices which are suitable for use 
as solid electrolytes in photoelectrochemical cells. 

The term "cured" or "cured product" refers to the treatment of the solid 
20 matrix forming monomer or partial polymer thereof under polymerization 
conditions (including cross-linking) so as to form a soUd polymeric matrix. Suit- 
able polymerization conditions are well known in the art and include by way of 
ecample, heating the monomer, irradiating the monomer with UV light, electron 
beams, etc. The resulting cured product preferably contains repeating units con- 
25 taining at least one heteroatom such as oxygen or nitrogen which is capable of 
forming donor acceptor bonds with inorganic cations (e.g. , alkali ions). Examples 
of suitable cured products suitable for use in this invention are set forth in U.S. 
Patent Nos. 4,830,939 and 4,990,413 which are incorporated herein by reference 
in their entirety. 

30 
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The solid matrix forming monomer or partial polymer can be cured or 
further cured prior to or after addition of the solvent. For example, a composition 
comprising requisite amounts of the solid matiix forming monomer, electi-olyte 
solvent and inorganic ion salt can be appUed to a substrate and then cured. 
5 Alternatively, the solid matrix forming monomer can be first cured and then 
dissolved into a suitable volatile solvent. Requisite amounts of the solvent and 
inorganic ion salt can then be added. The mixture is then placed on a substrate 
and removal of the volatile solvent results in formation of a soUd electix>lyte. In 
eitiier case, the resulting soUd electrolyte is a homogeneous, single phase product 
10 which is maintained upon curing, and does not readily separate upon cooling to 
temperatiires below room temperature. Accordingly, the solid electiwlyte of tftis 
invention does not include a separator as is typical of liquid electrolytes. 

The term "inorganic ion salt" refers to any inorganic salt which is suitable 
15 for use in a soUd electrolyte. Representative examples are alkali metal salts of less 
mobile anions of weak bases having a large anionic radius. Examples of such 
anions are r, Br, SCN", CIO4, BF4 , PF«-, AsF^-, CF3COO-, CF3SO3-, etc. 
Specific examples of suitable inorganic ion salts include LiC104, Lil, LiSCN, 
LiBF4, LiAsFfi, LiCFaSOj, LiPFg, Nal, NaSCN, KI, and tiie like. The inorganic 
20 ion salt preferably contains at least one atom of Li, Na, K or Mg. 

The term "organic carbonate" refers to hydrocarbyl carbonate compounds 
of no more than about 12 carbon atoms and which do not contain any hydroxyl 
groups. Preferably, the organic carbonate is a linear aliphatic carbonate or a 
25 cyclic aliphatic carbonate. 

In a more preferred embodiment, the carbonate is a cyclic aliphatic 
carbonate represented by the formula: 
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in 



10 

where each of R„ Rj, R3, R4, Rj, and S« are independently selected from the 
group consisting of hydrogen and slkyl of 1 or 2 carbon atoms, and m is an 
integer equal to 0 or 1. 

15 In a particularly prefrared embodiment, m is equal to zero and Ri, R2, and 

Rj are hydrogen and R« is hydrogen (ethyloie carbonate), -CHj (propylene carbon- 
ate) or -CH2CH3 (butylme carbonate). 

Suitable cyclic aliphatic carbonates for use in this invention include 
20 l,3-dioxolan-2-one (ethylene cariwnate); 4-niethyl-l,3-dioxolan-2-one (propyloie 

carbonate); 4,S-dimetfayl- l,3-dioxolan-2-one; 4-ethyl-l,3-dioxolan-2-one; 

4,4-dimethyl-l,3-dioxolan-2-one; 4-methyl-5-ethyl-l,3-dioxolan-2-one; 4,5- 

diethyH,3-dioxolan-2-one; 4,4-diethyl-l,3-dioxolan-2-one; l,3-dioxan-2-one; 

4,4-dimethyl-l,3-dioxan-2-one; 5,5-dimethyl-l,3-dioxan-2-one; 
25 5-methyl-l,3-dioxan-2-one; 4-methyl-l,3-dioxan-2-one; 5,5-di- 

ethyl-l,3-dioxan-2-one; 4,6-dimethyl-l,3-dioxan-2-one; 4,4,6- 

trimethyl- 1 ,3-dioxan-2-one;andspiro[l ,3-oxa-2-cyclohexanone-5' ,5' , 1 ' ,3'-oxa-2'- 

cyclohexanone]. 

30 Several of these cyclic aliphatic carbonates are commercially available such 

as propytene carbonate and ethylene carbonate. Alternatively, the cyclic aliphatic 
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caibonates can be readily prepared by weU known reactions. For example, 
reaction of phosgoie with a suitable alkane-a,fi-diol (dihydroxy alkanes having 
hydroxyl substituents on adjacent caibon atoms) or an alkane-a,7-diol (dihydroxy 
alkanes having hydroxyl substituents on carbon atoms in a 1,3 relationship) yields 
5 an a cyclic aliphatic carbonate for use within the scope of this invention. See, for 
instance, U.S. Patent No. 4,115,206, which is incorporated herein by reference 
in its entirety. 

Likewise, the cycHc aliphatic carbonates useful for this invention may be 
10 pnpaied by transesterification of a suitable alkane-a,fi-diol or an alkane-a,7-diol 
with, e.g., diethyl carbonate under transesterification conditions. See, for 
instance, U.S. Patent Nos. 4,384,1 15 and 4,423,205 which are incorporated herein 
by referaice in their entirety. 

15 Additional suitable cyclic aliphatic carbonates are disclosed in U.S. Patent 

No. 4,747,850 which is also incorporated herein by reference in its entirety. 

In a more preferred embodiment, linear aliphatic carbonates are represented 
by the formulae: 

20 

R7[OC(0)].ORg and R7[0C(0)R,]„0C(0)Rg 

where each R, and Rg are independently sdected fi-om the group consisting of alkyl 
of fitom 1 to 4 carbon atoms; R, is an alkylene group of from 2 to 4 carbon atoms; 
25 t is an integer of 1 or 2, and u is an integer from 1 to 4. 

Most preferably, the linear aliphatic carbonate is a carbonate of the 
formula: 



30 



R7[OC(0)],OR8 
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where R7, R, and t are as defined above. 

Linear aliphatic carbonates are well known in the art and a variety of which 
are commercially available. Additionally, the linear aliphatic carbonates can be 
5 prepared by transesterification of a suitable alcohol (e.g., R7OH or RgOH) with, 
e.g., diethyl carbonate under transesterification conditions. 

The term "glyme" refers to ethylene glycol dimethyl ether or 
CH3OCH2CH2OCH3. The term "a glyme" refers to glyme and also to diglyme, 
10 triglyme, tetraglyme, etc., which contain repeating units of -(OCH2CH2)-. 

The term "photoelectrochemical cell" refers to a composite that comprises 
a current collector, a semiconductor, the solid electrolyte, and a transparent 
electrode. 

15 

The term "urethane acrylate" refers to urethane diacrylate. 
Methodology 

Methods for preparing solid, solvent-containing electrolytes are well known 
20 in the art. As noted above, various organic carbonates are either commercially 
available or can be prepared by art recognized methods. Preferably, the solvent 
includes a glyme. 

The solid, solvent-containing electrolyte is preferably prepared by 
25 combining one or more solid matrix-forming monomers, and an inorganic ion salt. 
The resulting composition is then uniformly coated onto a suitable substrate (e.g., 
a semiconductor or transparent electrode) by means of a roller, a doctor blade, a 
bar coater, a silk screen or spinner to obtain a film of this composition or its 
solution. In some cases, it may be necessary to heat the composition so as to 
30 provide for a coatable material. 
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Prefraably, the amount of material coated onto the substrate is an amount 
sufficient so that after curing, the resulting solid, solvent-containing electrolyte has 
a thickness of no more than about 250 microns (jim). Preferably, the solid, 
solvent-containing electrolyte may have a thickness of from about 20 to about 250 
5 microns. The final thickness will depaid on the particular application. 

The dectrolyte composition typically comprises ftom about 5 to about 25 
weight percent of the inorganic ion salt based on the total wdght of the electrolyte; 
preferably, from about 10 to 20 weight percent; and even more preferably from 
10 about 10 to about 15 wdght percent. 

Hie dectrolyte composition typically comprises fix)m about 40 to about 80 
wdght percait solvent (e.g., organic carbonate/glyme mixture) based on the total 
weight of the electrolyte; preferably from about 60 to about 80 weight percent; and 
15 even more preferably about 70 weight percent. 

The solid electrolyte composition typically comprises from about 5 to about 
30 weight percent of the solid polymeric matrix based on the total weight of the 
electrolyte; preferably from about 15 to about 25 weight percent. 

20 

In a preferred embodiment, the electrolyte composition further comprises 
a small amount of a film forming agent. Suitable film forming agents are wdl 
known in die art and include, by way of example, polyethylene oxide, 
polypropylene oxide, copolymers thereof, and the like, having a numbered average 

25 molecular wdght of at least about 100,000. The polyethylene oxide or polypropy- 
lene oxide film forming agent, if present, is in an amount which does not 
significantly lower the conductivity of the electrolyte. Preferably, the film forming 
agent is employed in an amount of about 1 to about 10 weight percent and more 
preferably at about 2.5 weight percent based on the total weight of the electrolyte 

30 composition. 
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The composition is cured by conventional methods to form a solid film. 
For »ample, whai the solid matrix forming monom^ contains a reactive double 
bond, suitable curing methods include heating, irradiation with UV radiation, 
irradiation with electron beams (EB), etc. When the composition is cured by 
5 heating or UV radiation, the composition preferably contains an initiator. For 
example, when curing is by heating, the initiator is typically a pooxide such as 
benzoyl peroxide, methyl ethyl ketone peroxide, t-butyl peroxypyvaiate, 
diisoprqpyl peroxycarbonate, and the like. When curing is by UV radiation, the 
initiator is typically benzophenone, Darocur 1173 (Gdgy, Ardsley, New York), 
10 and the like. 

The initiator is generally employed in an amount sufficient to catalyze flie 
polymerization reaction. Preferably, the initiator is employed at up to about 1 
wdght percent based on the weight of the soUd matrix forming monomer. 

15 

When curing is by EB treatment, an initiator is not required. 

The resulting solid electrolyte is a homogeneous, single phase material 
which is maintained upon curing, and does not readily separate upon cooling to 
20 temperatures below room temperature. See, for example, U.S. Patent No. 
4,925,751 which is incorporated h«ein by refermce in its aitirety. 

Additionally, it is desirable to avoid the use of any protic materials which 
will be incorporated into the photoelectrochemical cell. For example, most of Uie 

25 protic inhibitors in mono-, di-, tri- and higher functional acrylate monomers as 
weU as in the urethane acrylate prepolymers, are preferably removed prior to 
formation of the cathode and/or electrolyte. In this regard, removal of these 
inhibitors down to a level of less than 50 parts per million (ppm) can be accom- 
plished by contacting these monomers and prepolymers with an inhibitor remover. 

30 Suitable inhibitor removers are commercially available. 
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In a preferred embodiment, the process of forming a photoelectrochemical 
ceU comprises the steps of securing a semiconductor to a current collector. 
Thereafter, a composition comprising at least one soUd matrix forming monomer, 
an inorganic ion salt and the solvent, for example, a mixture of an organic 
5 carbonate and a glyme compound, is applied to the opposite side of the 
semiconductor. The composition is then cured to provide for a soUd electrolyte 
on the semiconductor surface. A transparent electrode is then laminated to this 
composite product in such a way that the solid electrolyte is interposed between 
the transparent electrode and the semiconductor. 

10 

This process can be reversed, so that the surface of the transparent 
electrode is coated with a composition comprising a solid matrix forming 
monomer, the solvent or solvent mixture and an inorganic salt. The composition 
is then cured to provide for a solid electrolyte on the electrode surface. The 
15 semiconductor and current collector are then laminated to this composite product 
in such a way that the solid electrolyte is interposed between the transparent 
electrode and the semiconductor. 



Methods for preparing solid electrolytes are also set forth in U.S. Patent 
20 Nos. 4,830,939 and 4,925,751 which are incorporated herein by reference in their 
entirety. 



Utility 

The solid, solvent-containing electrolytes described herein are particularly 
25 useful in preparing solid photoelectrochemical cells. 

The cells of the invention have increased conductivity compared with 
photoelectrochemical cells of the prior art using polyethylene oxide electrolyte. 

30 The following examples are offered to illustrate the present invention and 

should not be construed in any way as limiting its scope. 
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EXAMPLE 1 

A. Semiconductor 

An n-type semiconductor available from Cerac, MUwaukee, Wisconsin is 
used in making the cell. 

5 

B. Electrolyte 

The electrolyte may be prepared by first combining 56.51 grams of 
propylene carbonate, 14.13 grams triglyme and 17.56 grams of methane acrylate 
(available as Photomer 6140 from Henkel Corporation, Coating and Chemicals 
Division, Ambler, PA). The propylene carbonate/triglyme/urethane acrylate 
mixture is dried over molecular sieves (Grade 514, 4A, 8-12 mesh, available from 
W. R. Grace, Baltimore, MD) to remove water. 

This solution is then combined with 2.56 grams of poly- ethylene oxide 
(weight average molecular weight about 600,000 available as Polyox WSR-205 
from Union Carbide Chemicals and Plastics, Danbury, CT). The resulting mixture 
is thoroughly mixed with the same laboratory mixer at heating until a temperature 
of about 65»C is reached and then cooled to ambient temperature over at least a 
2 hour period while stirring is maintained. 

Once the polyethylene oxide is dispersed and dissolved, 9.24 grams of 
liAsFj (available from FMC Corporation Uthium Division, Bessemer City, NC, 
as Lectrosalt*) and are added while stirring with a laboratory mixer (Yamato 
Model LR41B, available from Fisher Scientific, Santa Clara, CA). A redox 
couple consisting of 1.0 g Ul and 0.1 g I2 are then added. 

The resulting 100 gram mixture would contain the following weight percent 
of components: 



15 



20 



25 
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Propylene carbonate 56,51 weight percent 

Triglyme 14.13 weight percent 

Urethane acrylate (Photomer 6140) 16.46 weight percent 

^^^6 9.24 weight percent 

5 Polyethylene oxide 2.56 weight percent 

^ 1 .0 g weight percent 

^2 0. 1 g weight percent 

Afterwards, the electrolyte mixture is then coated by a conventional knife 
10 blade to a thickness of about 50 /tim onto the surface of the cathode/semiconductor 
sheet prepared as above (on the side having the semiconductor) but without the 
Mylar covering. The electrolyte is then cured by continuously passing the sheet 
through an electron beam apparatus (Hectrocurtain, Energy Science Inc. , Wobum, 
MA) at a voltage of about 175 kV and a current of about 1,0 mA and at a 
15 conveyor speed setting of 50 which provides for a conveyor speed of about 1 
cm/sec. After curing, a composite is recovered which contains a solid electrolyte 
laminated to semiconductor which, in turn, is laminated to a nickel on nickel 
current collector. 

An alternative method of fabricating the electrolyte is as follows: 

20 

35,71 grams of propylene carbonate, 3.45 grams of trimethyl propyl 
triacrylate, 35,71 grams of ethylene carbonate, and 13.79 grams of urethane 
acrylate (Actilane SP023, available from Akcros Chemicals, Ltd., Manchester, 
England) are combined at room temperature until homogeneous. The resulting 
25 solution is optionally passed through a column of 4 A molecular sieves to remove 
water and then the recovered solution is mixed at room temperature until 
homogeneous. If necessary, the ethylene carbonate can first be dissolved in 
propylene carbonate with heat. 



30 At this point, 1.47 grams of polyethylene oxide film forming agent having 

a number average molecular weight of about 600,000 (available as Polyox WSR- 
205 from Union Carbide Chemicals and Plastics, Danbury, CT) is added to the 
above solution and then dispersed while stirring with a magnetic stirrer over a 
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period Of about 60 - 120 minutes. After dispersion, the solution is lieated to 
between 60» and 65«C with stirring untU the film forming agent is dissolved. A 
thermocouple is placed at the edge of die vortex created by the magnetic stirrer to 
monitor solution temperature. The solution is cooled to a temperature of less than 
5 48''C and dien 8.77 grams of LiPF« are added to the solution over a 120 minute 
period while thoroughly mixing to ensure a substantially uniform temperature 
profile throughout the solution. A redox couple consisting of 1.0 grams Lil and 
0.1 grams h are also added. Cooling is applied as necessary to maintain the 
temperature of the solution at less than 48'*C. 

10 

In one optional embodiment, the polyethylene oxide film forming 
agent is added to the solution via a mini-sieve, such as a 25 mesh mini-sieve that 
is commercially available as Order No. 57333-965 from VWR Scientific, San 
Francisco, CA. 

15 

The resulting solution contains the following (in approximate weight 
percent based on the total weight of the electrolyte solution (100 g): 



Propylene Carbonate 35 71 % 

20 Ethylene Carbonate 35!71 % 

Trimethylol propyl triacrylate (TMPTA) 3.45% 
Urethane Acrylate 13 .79% 

8.77% 

PHD Film Forming Agent 1 47% 

^ ^ 1.00% 

010% 



30 



I2 



100 % 



This solution is then degassed to provide for an electrolyte solution 
wherein Uttle, if any, of the LiPFj salt decomposes. 
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Optionally, the above solution which contains the prepolymer, the 
film forming agent, the electrolytic solvent, the LiPF^ salt and the redox couple, 
is filtered to remove any solid particles or gels remaining in the solution. One 
suitable filter device is a smtered stainless steel screen having a pore size between 
5 1 and SO /xm at 100% efficiency. 

In an alternative embodiment, the electrolyte is prepared by the 
following steps using the same above described electrolyte components: 

10 1. Check the moisture level of the urethane acrylate. If the 

moisture level is less than 100 ppm water, proceed to step 2, If not, then first 
dissolve the urethane acrylate at room temperature, < 30*^0, in the propylene 
carbonate and ethylene carbonate and dry the solution over 4A molecular sieves 
(Grade 514, 8-12 Mesh from Schoofs Inc., Moraga, CA) and then proceed to step 

15 4. 

2. Dry the propylene carbonate and ethylene carbonate over 4A 
molecular sieves (Grade 514, 8-12 Mesh from Schoofs Inc., Moraga, CA). 

20 3. At room temperature, OO^'C, add the urethane acrylate to 

the solvent prepared in step 2. Stir until the resin is completely dissolved. The 
solution should be clear and colorless. 

4. Dry and optionally sift the polyethylene oxide film forming 
25 agent through a 25 mesh mini-sieve commercially available as Order No. 57333- 
965 from VWR Scientific, San Francisco, CA. While stirring add the dried and 
pre-sifted polyethylene oxide film forming agent slowly to the solution. The 
polyethylene oxide film forming agent should be sifted into the center of the vortex 
formed by the stirring means at a controlled rate to avoid agglomerate formation. 
30 Addition of the polyethylene oxide film forming agent should be dispersive and. 
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during addition, the temperature should be maintained at room temperature 
(<30'C). 

5. After final addition of the polyethylene oxide film forming 
5 agent, stir to ensure that the film forming agent is substantially dispersed. 

6. Heat the mixture to 68" to 75°C and stir until the film 
forming agent has melted and the solution has become transparent. Optionally, in 
this step, tile mixture is heated to 65* to 68°C. 

10 

7. Cool tiie solution produced in step 6 and whai tiie 
temperature of tiie solution reaches 40°C, add tiie liPF^ salt and redox couple 
very slowly making sure tiiat tiie maximum temperatiire does not exceed 55**C and 
preferably does not exceed about 40*'C. 

15 

8. Following tiie addition of tiie LiPF« salt and redox couple, 
die solution is stirred and degassed. The electi-olyte solution is allowed to cool 
before usage. 

^® 9- C^tionally, filta- tiie solution tiirough a sintered stainless 

steel screen having a pore size between 1 and 50 foa at 100% efficiency. 

At all times, the temperabue of tiie solution should be monitored 
witti a tiiermocouple which should be placed in tiie vortex formed by tiie mixer. 

25 

C. The Photoelectrochemical Cell 

The photoelectirochemical cell is prepared by applying tiie n-type 
semiconductor onto one side of a current collector. An electrolyte composition as 
described above is tiien placed onto tiie otfier side of tiie semiconductor and cured 
30 to provide for tiie solid electi-olyte. Then, an indium tin oxide (TTO) transparent 
electi-ode is laminated onto tiie solid electixilyte to provide for tiie 
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photodectrochemical cell. The ITO transparent electrode is formed by coating 
rro by vacuum deposition onto a piece of glass. A protecUve layer of glass is 
thai secured over the transparent electrode. 

Although only preferred embodiments of the invention are 
specifically disclosed and described above, it will be appreciated that many 
modifications and variations of the present invoition are possible in light of the 
above teachings and within tfie purview of tiie appended claims witiiout departing 
from the spirit and intended scope of the invention. 
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WHATTSrTATMFnTQ. 

1. A photoelectrcx:hemical cell which comprises: 
a current collector; 

a semiconductor secured on one side to the current collector; 

a transparent singlephase, solid solvent-containing electrolyte 
secured to the other side of the semiconductor; and 

a transparoit electrode secured to the solid electrolyte on a 
side opposite firom the semiconductor; 

wherein the solid electrolyte comprises a redox couple, a 
solid, polymeric matrix, an inorganic ion salt, and a non-aqueous electrolytic 
solvent. 



2. A cell as in Claim 1, wherein the polymeric matrix 
comprises ethylene oxide in combination with acrylate groups. 

3. A cell as in Claim 1, wherein the transparent electrode 
comprises indium tin oxide. 

4. A cell as in Claim 1, wherein the inorganic ion salt is 
selected from the group consisting of LiC104, Lil, LiSCN, LiBF4, LiAsFs, 
liCFjSC^, liPFs. 



5. A cell as in Claim 1, wherdn the electrolyte solvait 
25 comprises an organic carbonate and a glyme. 

6. A cell as in Claim 1 wherein the non-aqueous electrolytic 
solvent is selected from tiie group consisting of propylene carbonate, etiiylene 
carbonate, -y-butyrolactone, tetrahydrofuran, glyme, diglyme, triglyme, tetiaglyme, 

30 dimethylsulfoxide, dioxolane, and sulfolane. 
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7. A cell as in Claim 1 wherein the redox couple comprises Lil 



and Ij. 



8. A method of fabricating a photoelectrochemical cell which 
5 comprises of the steps of: 

providing a current collector; 

securing a semiconductor on one side to the current collector; 
providing a transparent electrode; and 
forming a transparent single phase, solid solvent-containing 
10 electrolyte by coating either (1) the other side of the semiconductor or (2) a side 
of the transparent electrode with a composition containing a non-aqueous 
electrolytic solvent and at least one solid matrix-forming monomer and curing the 
composition to form the transparent solid solvent-containing electrolyte that is 
positioned between the semiconductor and the transparent electrode, wherein the 
15 solid electrolyte further comprises a redox couple and an inorganic ion salt. 

9. A method as in Claim 8, wherein the polymeric matrix 
comprises ethylene oxide in combination with acrylate groups. 

20 10. A method as in Claim 8, wherein the at least one solid 

matrix-forming monomer is selected from the group consisting of propylene oxide, 
ethyleneimine, epichlorohydrin, ethylene succinate, and an acryloyl-derivativized 
polyalkylene oxide containing an acryloyl group of the formula CH2=CR'C(0)0 
wherein R' is hydrogen or lower alkyl of from 1-6 carbon atoms. 

25 

11. A method as in Claim 8, wherein the transparent electrode 
comprises indium tin oxide. 

12. A method as in Claim 8, wherein the inorganic ion salt is 
30 selected from the group consisting of LiC104, Lil, LiSCN, LiBF4, LiAsFg, 

LiCFaSOa, and liPFe. 
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13. A method as in Claim 8, wherein the electrolyte solvent 
comprises an organic carbonate and a glyme. 

14. A method as in claim 8, wherein the non-aqueous electrolytic 
5 solvent is selected from the group consisting of propylene carbonate, ethylene 

carbonate, 7-butyrolactone, tetrahydrofuran, glyme, diglyme, triglyme, tetraglyme, 
dimethylsulfoxide, dioxolane, and sulfolane. 

15. A method as in Claim 8 wherein the redox couple comprises 

10 Lil and I2. 



INTERNATIONAL SEARCH REPORT 



Inte- onal Application No 

PCT/US 96/13132 



A. CLASSIFICATION OF SUBJECT MATTER 

IPC 6 H01G9/20 



According to Intgmational Patent Qasriflcation (IPQ or to both national dasaftcation and IPC 



B. FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 
IPC 6 HOIG 



Documentation searched other than minimum documentation to the extent that such documents arc included in the fields searched 



Electronic data base consulted during the international search (name of data base and. where practical, search teirns tise5" 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category * 



Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



EP 0 492 858 A (IMPERIAL CHEMICAL 



INDUSTRIES) 


1 Jul 


y 1992 




see 


page 


3. 


line 


37 - 


line 


41 


see 


page 


5, 


line 


46 - 


line 


47 


see 


page 


6, 


1 ine 


15 - 


1 ine 


23 


see 


page 


6. 


1 ine 


34 - 


line 


41 


see 


page 


7. 


line 


36 - 


line 


38 


see 


page 


7, 


line 


47 - 


line 


57 


see 


page 


8. 


line 


37 - 


line 


40 


see 


page 


10, 


1 ine 36 - 


• line 51 



1-15 



US 4 585 581 A (SKOTHEIM T.) 29 April 1986 

US 4 925 751 A (SHACKLE D.R.) 15 May 1990 
cited in the application 



I I Further documents are listed to the conlinuatton of box C. 



0 



Patent family members are listed in annex. 



Special categories of cited documents : 

'A" document defming the general state of the art which is not 
considered to be of particular relevance 

"E" eariicr document but publi^died on or after the international 
filing date 

L' document which may throw doubts on priority claini(s) or 
which is dted to establish the publication date of another 
citation or other speaal reason (as specified) 

"O* document referring to an oral disclosure, use, exhibition or 
other means 

'P' document pubUshed prior to the international filing date but 
later than the priority date claimed 



later document published after the international filing date 
or priority date and not in conflict with the application but 
cited to understand the principle or theory underiying the 
invention 

'X* document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step when the document is taken alone 

'Y* document of particular relevance; the claimed invention 
cannot be considered to involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person skilled 
in the art 

document member of the same patent family 



Date of the actual conviction of the international search 

23 December 1996 



Date of mailing of the international search report 



1 fi. 0). 97 



Name and mailing address of the ISA 

European Patent Office, P.B. 58 1 8 Patentlaan 2 
NL . 2280 HV Rijswijk 
Tel. ( + 31-70) 340-2040. Tx. 31 651 epo nl. 
Fax: (+31-70) 340-3016 



Authorized oflicer 



Goossens, A 



Form PCT/ISA/210 (second theet) (July 1992} 



INTERNATIONAL SEARCH REPORT 

^nfonnation on patent family members 



Ihte' wal AppUcalion No 

PCT/US 96/13132 



Patent document 
cited in search report 



Publication 
date 



Patent family 
member(s} 



Publication 
date 



EP-A-0492858 



US-A-4585581 



US-A-4925751 



01-07-92 



29-04-86 



15-05-90 



AU-B- 
AU-A- 
CA-A- 
JP-A- 



658848 
8968391 
2058104 
5182512 



US-A- 
US-A- 
US-A- 



4416959 
4442185 
4488943 



CA-A- 
DE-D- 
DE-T- 
EP-A- 
ES-T- 
JP-A- 
US-A- 



2013763 
69025089 
69025089 
0396324 
2084000 
2306550 
5011501 



04-05-95 
25-06-92 

22- 06-92 

23- 07-93 



22-11-83 
10-04-84 
18-12-84 



26-10-90 
14-03-96 
04-07-96 
07-11-90 
01-05-96 
19-12-90 
30-04-91 



Fonn PCT/ISA/310 (pmi 



funay annex) (July 1992} 



